Global warming is an alarming problem with adverse impact on climate change. Carbon dioxide (CO 2 ) and methane (CH 4 ) have been identified as the most significant greenhouse gases (GHG) normally arising from anthropogenic activities; therefore, promising treatment technologies are developing all over the world to resolve this problem. The warm plasma is an emergent process with low specific energy requirement capable to reach high temperature to produce excited species and support subsequent chemical reactions. Consequently, warm plasma reactors can be accomplished with simple structure reactors having high gas flow rates and treatment capacity. Plasma interaction with GHG leads into a molecular dissociation, mainly forming CO and H 2 , also known as syngas, which represents an alternative energy source with innovative applications in microturbines and fuel cells, among other emerging applications. The process here explained assures a significant reduction in CO 2 emission and H 2 yield upgrading. The reforming experimental results by using two warm plasma reactors are connected in series to improve the syngas yield. This alternative represents a great possibility for CO 2 conversion.
Introduction
Fossil fuels present a serious dilemma to humanity; around 86% of the world energy demand emanates from this source, having strong implications for global climate change. During the combustion of a ton of coal, more than 3.5 ton of CO 2 is released, which means an accumulation of 10 12 tons in the atmosphere [1] . An important parameter that determines the progress level of a country is the Human Development Index (HDI) [2] , which considers the energy consumption expressed in kg oil equivalent per capita. This index is also used to establish the quality of life in a country, but this is paradoxical because to achieve a good standard of living, an immoderate consumption of energy is required; an inhabitant of the USA spends up to ten times more energy than another of Ethiopia; it means that this devastating energy consumption will revert in short term toward a poor quality of life.
The concentration of CO 2 has dramatically increased over the past 1000 years and can be explained by the industrialization and urbanization, as well as the indiscriminate use of fossil fuels and the consequent deterioration of natural resources, representing a serious environmental, social, and economic problem [3, 4] . The average temperature on Earth's surface has also increased since the industrial revolution, notably in the last 50 years, and especially in recent decades, a significant increase in GHG concentration has been identified. Particularly in May 2013, the Mauna Loa Observatory (US NOAA) detected an alarming amount surpassing 400 ppm of CO 2 . This disquieting growth marked in just a few decades exceeds what has been accumulated in the atmosphere for over the last half million years, affecting the increasing average temperature of the planet [5] . Continuing in this way, the environmental consequences will have an irreparable cost and will probably reach a point where any living being will face serious problems.
GHG are the major cause of global warming; their average concentration is shown in Table 1 .CO 2 has also has a long life in the atmosphere (between 5 and 200 years).
To find a new and better technology for CO 2 conversion, it is necessary to contemplate the energy cost and its impact on the environment. The reduced energy content in CO 2 represents the main limitation for a posterior reuse, demanding additional energy, which eventually impacts on new CO 2 emissions. Consequently, the energetic cost involved in its reuse must consume less energy than that obtained at the termination of the process. The most effective and costfree way to collect and transform CO 2 is provided by nature itself through the wellknown process of photosynthesis [7] ; however, human being has not been capable to adapt this process to a feasible technology, except by providing extra energy of the order of 191 MJ/kg to obtain H 2 having an energy value of 120 MJ/kg; to be specific, a deficiency still remains in the energy cost.
Concerning wind energy, it is characterized by the complete absence of GHG emissions being one of its main advantages; nevertheless, it is a variable energy source with a stochastic pattern that is difficult to predict, which implies adding storage services and requiring installed in spaces close to the coast or on maritime platforms. The requirement of storage units leads to a temporary inertia in the loading and unloading, so it may not always be available for transitory energy demands.
Regarding the energy derived from biomass (referred as bioenergy), it still has numerous challenges: natural vegetation has to be sacrificed with a massive deforestation to produce crop-based biofuels to make available their growing demand [8] .
Nuclear energy is also another primary source of energy that can be considered clean in terms of CO 2 emissions, which currently produces 17% of world consumption (2700 TWh). A global plan in the medium or long term consists in the Table 1 . GHG average concentration [6] .
transition from thermal power plants to nuclear power plants, since a significant reduction in GHG emissions, notably CO 2 , is ensured. In Europe, the total electricity produced by the nuclear route reaches 80% in France, 60% in Belgium, and 43% in Sweden. Therefore the transition to this alternative could occur in short term taking advantage of the GHG energy capacity. An additional energy source is hydrogen. Hydrogen is considered as the fuel of the stars, because in our Sun, every second 600 million tons of hydrogen are converted into helium only by nuclear fusion, releasing enormous amounts of energy, providing also the light and heat which makes life on Earth possible.
It is imperative to ask if it is reasonable to use fossil fuels to generate electricity and then use the electricity to generate hydrogen. Each transformation involves energy losses, thus the overall efficiency becomes lower and, furthermore, CO 2 would be emitted to the atmosphere. In order to be sustainable and environmentally friendly in the long term, electricity for water electrolysis must be derived from renewable or nuclear energy sources which do not emit CO 2 and air pollutants, such as SO 2 and NO x . Hydrogen is also very attractive as a fuel or additive for internal combustion engines, because it can considerably reduce air pollution; however, using H 2 as a fuel for vehicles requires large high-pressure containers or cryogenic vessels if it is compressed as liquid. This problem can be eliminated by installing on board a plasma reactor to produce hydrogen-rich gas. Gaseous or liquid hydrocarbon fuels are converted by plasma reactor producing hydrogen-rich gas. The efficiency of the overall system is attained by an energy balance when a mixture of hydrocarbon fuel combined with hydrogen-rich gas is injected into the engine.
The energy emitted by the Sun is the most abundant primary source, providing 10,000 times more energy than the total consumption in the world, the terrestrial atmosphere receives a power density of 1370 W m À2 , the direct transformation to electrical energy is achieved through solar cells, which are noiseless, do not generate emissions, do not consume fuel, have simple installation, do not have moving parts, and are easy to maintain. However, the main challenge is its temporary storage dependence of energy to supply the variations (or absence) of solar radiation, which increases its operating cost at an order of magnitude higher than generation by natural gas.
In recent years the carbon capture and conversion (3C) technology has been emerging with a greater scope, which, unlike the carbon capture and storage (CCS), does not treat CO 2 as a waste, but on the contrary, promotes its conversion to industrial uses.
Natural gas or biogas reforming are considered cleaner than coal gasification in most countries but is facing technological challenges because the catalysts are inclined to deactivation by soot deposition and sulfur poisoning. In mitigation of these issues, plasma-based CO 2 dissociation technologies could probably offer a new alternative for syngas production.
In recent times many topics are conveniently changing from "control" to "utilization"-using CO 2 and other greenhouse gas for new applications; for existent conditions it is difficult to control or prevent new CO 2 emissions, searching its utilization as raw gas in obtaining further substances is much easier under special conditions. Then, CO 2 becomes a useful gas rather than only a GHG.
Actually, the syngas reforming into methanol or other liquid fuels use the wellknown Fischer-Tropsch (FT) processes normally assisted by catalysts; however, this leads to the following disadvantages: a. Several compressors are required to achieve a pressure of 20-80 bar is required to realize diffusion through the membranes or to attain the operating ranges in the FT process.
b.Temperatures between 200°C and 500°C are needed in syngas reforming. At these temperatures large amounts of steam are generated, which subsequently limit the catalyst activity and deposit carbon layers on its surface reducing its lifetime and dipping its conversion capacity.
c. Catalysts are vulnerable to sulfur compounds and therefore require regeneration or replacement cycles. The catalyst depends on the specific surface area, being the most commercial and accessible catalysts of those made of CuO and Al 2 O 3 . The Pd catalysts present better performance but have higher economic cost.
d.Contact time between catalysts is crucial to obtain liquid fuels; consequently it is necessary to limit the gas flow at reduced ranges, which leads to high residence times.
e. H 2 /CO 2 and CO/CO 2 ratios are optimum when they approach to 2; steam is generated at higher ratios. By exceeding these optimal relations, steam is generated, and excessive water could deactivate the catalyst action, and a reverse reaction also occurs (WSR).
In the case of conventional steam reforming of CH 4 or natural gas, it requires 4.5 kg of H 2 O for each kg of H 2 produced, but 5.5 kg of CO 2 is released. When using the reformed coal, 3 kg are required for every 9 kg of water and 11 kg of CO 2 are released, so the latter is considered the most polluting of the processes.
Once H 2 is generated by different processes, it is important to consider its compression, liquefaction, transport, and storage, taking into account its physical properties (ρ gas = 0.088 kg/m 3 , ρ liquid = 70 kg/m 3 ), and boiling point of 20.3 K. So the energy needed to produce, compress, liquefy, transport, transfer, and store H 2 plus the losses in each conversion added to the process of reconversion to electrical energy (through a fuel cell with 50% conversion) in each of the stages can reach to consume more energy than that it will provide or recover from H 2 . In addition to the energy cost, another factor to consider is the economic factor: each GJ of H 2 costs $5.6 when it is obtained from natural gas, goes up to $10.30 when using coal, and costs $20.10 with water electrolysis; in this last the consumption of electricity represents 79% of the deliverable energy cost of H 2 (140 MJ/kg) [9] .
A short-term alternative is to use a primary source of energy, in this case GHGs or biogas resulting from biodigester and its treatment with plasma to obtain syngas. The provisional storage of this chemical energy contained in the syngas represents a viable alternative either for its "a posteriori" reconversion or for its direct reconversion "in situ" to electrical energy using fuel cells.
General plasma characteristics
A fundamental principle differentiating the plasma's behavior from other fluids is that each charged particle simultaneously reacts with a considerable number of charged particles, thus producing an important collective effect. The range of temperatures comprised by laboratory plasmas ranges from room temperature to temperatures comparable to those found inside stars, while density range expands from 10 12 to 10 25 m À3 ; it should be noted that plasmas of industrial interest have kinetic temperature range comprised from 1 up to 20 eV.
Plasma gas discharges are characterized by its chemical activity convenient to induce chemical reaction even without catalyst requirement, that is, plasma discharges act as a thermochemical rector overcoming many particular problems in catalytic reformers such as short lifetime, expansive costs, and slow-moving time response. Plasma gas discharges are divided into two types according to its temperature and electron density: nonlocal thermodynamic equilibrium and local thermodynamic equilibrium. In the first case, the degree of particle ionization is very weak, and the temperature of electrons is much higher than heavy particles, so the ion temperature is low and is recognized as cold plasma. Crown plasma dielectric barrier discharges are examples of this category of plasmas where reactions with radicals are common. In the second case, a higher degree of particle ionization, higher electron density, and comparable temperatures in heavy particles and electrons are characterized. This kind of plasma is produced by transferred electric arcs, plasma torches, and high-intensity radio frequency discharges.
A third category or a category having conventional thermal plasma and nonequilibrium plasma conditions is the warm plasma. The warm plasma is a transitional discharge able to work under moderate power density at enough high gas temperature to produce molecule dissociation and excited species, supporting the subsequent chemical reactions. Such plasma discharges have significant advantages: The reactor has simple assembly and do not require extra cooling systems, since they work with reduced electric currents and high voltages; consequently the electrode erosion is notably diminished. Warm plasmas are also characterized by high chemical selectivity and have found applications in fuel conversion to syngas production, hydrogen sulfide dissociation, and CO 2 dissociation. Gliding arc plasma discharge or jet atmospheric pressure plasmas are examples of warm plasma discharges.
Therefore, the use of warm plasma is considered more appropriate to treat GHG because the syngas gas formed by H 2 and CO molecules still exists in temperature range 900 up to 3500 K, just for our application interest (see Figure 1 ). The cold plasma having a lower range of temperatures also reaches the dissociation of GHG but does not subsist stable when relatively high GHG flows rates are treated.
The ionization process in warm plasma discharges are induced by a strong electric field, producing relatively high-energy particles, leading in selective chemical transitions in a very effective manner, and subsequently, the energy necessary to support the electric discharge is reduced, since the electrical conductivity σ(T) has a stepwise behavior and the internal wall temperature of the reactor is kept high reducing the radiation losses. Because of its high power density, this plasma reactors can be designed for small-and large-scale applications, these types of reactors can also work in portable or onboard processes [10] . In summary, the use of warm plasma is more adequate for our purposes.
The HSC software [11] combines chemical and thermodynamic features enabling calculations in standard computer to visualize conversion and yielding data in function of temperature or other input variables. So the prediction of important results and confirmation of experimental ones can be attained. With regards to biogas concentrations shown in Table 1 , the HSC was used to simulate and find the evolution of the participating species (reactants and by-products) that are carried out in a temperature range of 300-7000 K. Figure 3 shows a maximum H 2 yield in the temperature range 1200-2600 K. Another diatomic species is C 2 H 2 whose concentration begins to increase at 1000 K, remains at a constant maximum value up to 3000 K, and then decays and dissociates to monatomic species. Other species not marked in Figure 3 are the radicals N + , OH, C + , as well as the concentration of electrons, which begin to increase considerably from 4000 K. Enough information on this monoatomic or radical species can be found in Ref. [12] . Regarding the electron density n e , it has a significant increase beyond 5000 K, consequently corresponding to thermal plasmas discharges.
Additionally, warm plasma discharges are characterized by a good energy efficiency transfer principally because an efficient vibrational excitation of the molecules can be reached, and this leads in a better molecule splitting with less energy insertion. The selective excitation of vibrational modes enhances the chemical selectivity, because it requires a low amount of electron energy to increase the lowest vibrational level, and by interchanging this energy with other vibration levels (VL) this leads in a concentration increase of the higher levels to finally get the vibrational-vibration relaxation (V-V) up to reach a dissociation level, allowing as a result, reduced energies, diminishing from 10 to only 5.5 eV. The selective mechanism consists in sending electrical impulses into the plasma discharge, and once the dissociation has been achieved, the reactions can be sustained by applying a lower energy of around 1 eV/mol [13, 14] . As a consequence the chemical reaction is carried out in a shorter time and with reduced energy cost, specifically if a vibrational excitation is promoted.
The most important characteristic of CO 2 is its high specific heat at lower temperatures that significantly increases the enthalpy; therefore, a more constricted arc is produced, and as a consequence a higher current density is produced, hence a higher magnetic pinch pressure and a higher plasma flow velocity are manifested.
Compared to traditional catalytic reforming processes with high capital costs, high temperature requirements, large equipment size, and rapid loss of catalyst activity [15, 16] , warm plasma reforming (WPR) would provide an attractive route for methanol reforming, because the gas temperature can be low, while the electrons are highly energetic to sustain the chemical reactions.
High-frequency operation effect
The importance of high-frequency (HF) plasma discharge and its effect in V-I relationship behavior is presented in this section, indicating a more stable discharge once higher frequency is applied into discharges.
Since the warm plasma discharge is a complex physical concept, the mathematical equations describing an exact physical behavior would be very difficult to obtain and even more difficult to solve; so an approximate and manageable model of the plasma discharge derived from the well-known Elenbaas-Heller equation, considering constant pressure and others simplifications as was explained elsewhere [17, 18] , is expressed in Eq. (1); this model is taken up again to demonstrate the effects of the frequency on the discharge stability.
The electric field applied (E field ) in the discharge column (see Figure 2) gives the power transmitted to the electrons and then transferred to the gas atoms via elastic and inelastic collisions among electrons, atoms, and other species participating in the discharge. Consequently, the gas is heated up, and the thermal energy is removed by thermal conduction, radiation, convection, and diffusion.
In warm plasma, the radiation and convection losses are neglected because no intense current participates in discharge, so Eq. (2) is obtained:
This algorithm uses an initial temperature value to calculate the Joule power loss P loss , and the specific heat C p T ðÞ , the density ρ T ðÞ , and the discharge electrical conductivity σ(T) are obtained from a database for a given constant pressure [19] . S represents the transversal section of the column discharge. Once these coefficients have been determined, it is possible to solve this equation by using a SIMULINK tool and presenting the discharge as a two-terminal electrical device. This model accomplishes a good agreement between analytical and experimental values at low and high frequencies, moreover it allows us to find the characteristic discharge time and temperatures of plasma (see Section 2.2).
The manner in which the discharge impedance responds as a component of the circuit is a key element that describes the discharge behavior, and its interaction with the power supply, subsequently, is a very useful tool to design an efficient converter-discharge system. The model also shows that the temperature modulation in the discharge decreases considerably according to the relaxation time and predicts the discharge electrical behavior, considering different power requirements at high and low frequencies.
Relaxation time and frequency effect
When the source of energy in (1) is extinguished, the right first term equals zero (E = 0); in consequence the temperature begins to decay, resulting in a simple Eq. (3), leading an expression for the relaxation time τ rel (4):
Thus, the dynamic behavior is similar to a first-order circuit. The relaxation time depends inversely on the thermal conductivity κ and directly on the density ρ and specific heat C p , as well as on the radius of the discharge, which for practical purposes has been considered to be 0.4 mm. In this manner, the family of curves expressed in Figure 3 can be obtained.
It is obvious that CO 2 has the highest relaxation times ($200 ms) and H 2 presents the lowest conductivity times ($200 μs) as a consequence of its remarkable thermal conductivity. Above 1500 K, H 2 has a shorter relaxation time, which means that heating and cooling time is less than the rest of the gases in the plasma discharge, so it is convenient to apply a discharge frequency greater than 10 kHz, as a consequence the temperature variations will be reduced, as shown in thermal stress simulation at different frequency operations in Figure 4 .
Another useful parameter is the temperature modulation of the plasma which relates the temperature variations of a discharge respect its average temperature as a function of the frequency of operation [(ΔT/T av ) f ]; [20] defines temperature variations and average temperature as
and
The temperature variations and average temperature in function of frequency were determined from Eqs. (5) and (6), and its results are depicted in Figure 4 .At frequencies beyond 5 kHz, the temperature variation is approximately 1% around a temperature value of 3900 K, while for a low frequency such as 50 Hz, the temperature variation corresponds to almost 1500 K. Therefore the influence of the frequency respect to the supply current in plasma discharge is closely connected with the relaxation time τ rel during plasma freshening [21, 22] . In conclusion, if the waveform signal period exceeds this relaxation time, the plasma temperature will be modulated (50 Hz case in Figure 4 ). In the opposite case, when the period is much lower than τ rel as in the case of HF (>5 kHz), the plasma temperature will be nearly constant. A free decay temperature arises when the plasma discharge is turned off, indicative of the thermal discharge response to changes in waveform signal source.
By using the same model, the V-I relationship of an electrical discharge can be obtained and represented as a Lissajous curve presented in Figure 5 . Simulations were performed at different frequency values, starting at 50 Hz up to 5 kHz. When the excitation frequency becomes relatively high (>5 kHz), the discharge characteristic V-I behavior inclines to be completely linear, comparable to a purely resistance charge; otherwise, if the frequency is reduced (<100 Hz), the discharge is nonlinear; for some points where the voltage is not large enough, at that time the discharge current will be extinguished and must wait for the next period to reach a voltage level high enough to ionize and restart the discharge, thus succeeding with high current impulsions, producing a noisy spectrum. In the case of direct current operation, the V-I operating area shows a static path having a slope ΔV/ΔI < 0so the behavior is very unstable, and to overcome this problem, a high series resistance must be included in the trajectory discharge, increasing the power loss and diminishing the efficiency.
Important parameters in reforming processes
There are numerous methods to generate syngas (H 2 + CO) [23, 24] . These methods include steam reforming (SR), partial oxidation (POX), and dry reforming (DR), as shown in Eqs. (7)-(9):
POX :
The advantages of dry reforming (9), compared with the other procedures, include the use of CO 2 and CH 4 as reactants mixture; as is well known, this mixture represents 94% of the GHGs. The focus of this work includes the research of the warm plasma discharge, applied for GHG reforming; in addition the electrical energy cost is optimized to produce higher GHG conversion and to obtain a high yield and selectivity rates of H 2 . However, H 2 as a fuel has significant drawbacks, especially those related with its storage. Even though hydrogen has a high mass heating value (120 MJ kg À1 ), it has a very low volumetric heating value (11 kJ l À1 ), compared for instance to 16,000 kJ l À1 for methanol. The ideal scenarios where DR might be considered are anywhere the supply of CH 4 is linked with CO 2 .
The general idea about DR technique consists in using the GHG into plasma discharge to produce higher energetic synthetic by-products (H 2 + CO).
Usually in literature, two important parameters are utilized as good indicators for describing plasma dry reforming process efficiency. These parameters are specific energy (SE) and energy efficiency conversion (ECE).
SE represents the energy needed to produce a mole of syngas, according to Eq. (10):
produced (10) where P el represents the discharge power applied for a time t exp ; consequently it represents the energy applied and expressed in (kJ), and the denominator mol H 2 þ CO ðÞ produced denotes the syngas produced. The reformation process will have a better performance, whereas this rapport inclines to slight values of SE.
ECE signifies the proportion of energy contained in syngas obtained in relation to the input energy, which is the sum of the energy applied in the plasma (P el t exp Þ and the energy during the CH 4 conversion. ECE is defined by Eq. (11) . The most desirable ECE value must be close to 100%:
In order to calculate the ECE the LHV utilized are reported in Table 2 .
Once the reaction takes place, in addition to SE and ECE, it is of great interest to know the reactants conversion, which is attained by using Eqs. (12) and (13), indicating the amount of CH 4 
The principal reaction by-products are H 2 and CO; the conventional manner to evaluate them is by using Eqs. (14) and (15) . The H 2 yield is defined as the ratio of H 2 produced during the reaction in relation to the input CH 4 multiplied by two, because each mole of CH 4 produces 2 moles of H 2 . Whereas CO yield is defined as the ratio of CO produced during the reforming in relation to the input of CH 4 plus CO 2 : Table 2 .
LHV for different gases [25, 26] .
CO yield % ðÞ ¼ mol CO produced mol CH 4 feed þ mol CO 2 feed Â 100 (15) Similarly, according to Ref. [25] the acetylene produced is given by
In the same way, the selectivity of these three products are defined by Eqs. (17) 
Finally, the syngas relationship H 2 =CO is determined by (20) , this important parameter indicates the content of H 2 in the syngas, and it could define the conversion processes in which it can be used to obtain successive by-products:
In the dry reforming technique, an ideal H 2 /CO ratio close to 1 must be obtained, and this ratio can be easily modified by controlling the concentration of reactants at the inlet supply. Therefore, the syngas obtained from the dry reforming can be used in the synthesis of a variety of chemicals in much more extensive manners than in the other reforming processes. Another advantage of dry reforming is that CO 2 content can be exploited in natural gas sources, biogases, coal-methane, and organic waste.
An alternative way to promote CO 2 conversion is to mix this molecule with another substance, which usually has a higher Gibbs energy, such as H 2 or CH 4 , because it provides energy-carrying radicals that come from H 2 . For instance, the reaction CO 2 +H 2 ! CO + H 2 O(ΔH 0 = +51 kJ mol À1 ) requires almost six times less energy to promote the conversion of CO 2 than that obtained when it is unmixed CO 2 ! CO + (0.5)O 2 (ΔH 0 = + 293 kJ mol À1 ). The vibrational energy is lower than that of electronic excitation, for example, for the H 2 , 4.4 eV is required and for its electronic excitation the double of energy (8.8 eV) .
Since biogas also contains unfavorable impurities (H 2 S, NH 3 , chlorine, and siloxane compounds), a cleaning process is generally required for previous transportation or conversion. Commonly zeolite and carbon nanomaterial are used as adsorbents due to their excellent thermal stability, low cost, large specific area, and pore volume [27] . Noble metals working at high pressures like Pt, Pd, and Ru are also used, particularly because they are less sensitive to carbon deposition, but they are rather expensive in industrial high flow rate applications.
Experimental setup and warm plasma reactor features
The warm plasma reactor is constructed in a copper segmented configuration; the mixture gas enters tangentially into the reactor, as is depicted in Figure 6 looking to preserve a stable temperature along the jet length and at the same time to preheat the GHG before entering to plasma discharge and thereby achieving a faster ionization. The plasma discharge is generated between an external electrode and a central tungsten electrode. Due to the different physical properties between central electrode (tungsten) and external electrode (copper), the role of cathode and anode is periodically alternating; as a result the current passes twice zero during a period of the supply voltage.
The flux moving through the segmented electrodes elongates the plasma jet with a large volume. The arc discharge continues the spiral motion descending along the chamber reactor increasing the column length, and also a swirl effect is formed enhancing the reaction time in the central part of the discharge. The whole plasma is confined to a post-chamber 1 cm in diameter and 12 cm in length. The voltage needed to initiate the discharge ranges from 8 up to 10 kV; once the plasma is started, the voltage automatically drops to a lower level (around 2kV pp ). The arc column length is a function of power applied to the discharge, reactor geometry, and nature of the gas to be treated.
Optimal experimental conditions were found to be 8-14 LPM, the power input for a stable discharge is in the 300-700 W depending on the gas to be treated. By adding nitrogen gas and increasing the power up to 500 W, the gas ionization through the entire length of the reactor is assured. N 2 addition in GHG's treatment leads to a better dissociation creating active species being dispersed homogeneously in the plasma reactor by causing the dissociation of the initial molecules by third body impact. Besides a third participant gas, N 2 promotes the dissociation of CH 4 by creating the radicals CN, C 2 , and CH, very useful for the route toward methanol synthesis [28] .
The power source consists of a high-frequency full bridge converter constituted by one ferrite core setup transformer to provide up to 10 kV at high frequencies.
The power supply handles a wide-frequency range operation . The duty cycle in each phase is adjusted to 50% providing a soft start in the MOS Figure 6 . Segmented plasma torch for GHG reforming.
avoiding redundant power consumption in the plasma discharge as it was explained in detail elsewhere [29] . The HF transformer transfers the maximum energy toward the plasma discharge; in addition, it also functions as a stabilizer, because a natural negative feedback controls the impedance plasma discharge; when the impedance charge goes down, the voltage is automatically adjusted to sustain a stable plasma discharge; and consequently a lower electrical field of about 3 kV/mm is applied between electrodes; as a result, a low-current discharge streaks between the electrodes' closest points and pre-ionizes the gas gap, causing the formation of a stronger current to sustain the warm plasma discharge in the GHG.
By working at HF, the fitting transformer size and weight are reduced as well for the other passive components becoming competitive in energetic and price terms. The transformer contains a ferrite core EI-shaped type, naturally protected against short circuit on the secondary coil because of the important leakage magnetic flux which allows obtaining an automatic impedance control. The simplified block diagram of the proposed converter (HF converter) is shown in Figure 6 , which is a symbolic illustration of the internal modules and its connection with the plasma reactor.
Experimental results
Some samples were taken directly from a biodigester. To achieve this sampling, a special compressor was used, to store the gas in a container through a pressure up to 300 kg cm À2 (see Figure 7) . The diagnosis reveals that some impurities such as H 2 O, H 2 S, H 2 O, air, etc. where counted in in the biogas, being the principal components CH 4 as is exposed in Table 3 .
Preserving the concentrations obtained in the biogas characterization, the mixture of these gases was injected in the experimental arrangement shown in Figure 6 , with an applied power of 461 W throughout 143 s of experiment duration, that is, 65.89 kJ. The result of the evolution of the concentration of the input and output species is shown in Figure 8 with the corresponding numerical values expressed in Table 4 , by using Eqs. (10)- (20) . Real-time GHG study was carried out before and after the biogas by mass spectrometry by using a Cirrus 320 mass spectrometer.
A worth sub-product obtained is acetylene gas C 2 H 2 , normally obtained during methane pyrolysis at a temperature around 2150 K; thermodynamically this molecule is unstable relative to most other hydrocarbons at lower temperatures, but above 1500 K acetylene is more stable than other hydrocarbons, the reason why it is very used in high-quality welding applications. The most probable reforming path reaction for acetylene is described by the next reaction (21): Table 4 .
Operational conditions and numerical results in GEI treatment.
being (1-X) CH 4 the unconverted methane during GEI plasma reforming in (9) . At high temperature, ethane (C 2 H 6 ) and ethylene (C 2 H 4 ) are very short-lived, being k 1 ,k 2 ,andk 3 rates constant with reaction times smaller than 10 À4 s [25, 26] ; normally k 4 is a rate constant with longer reaction time leading to C 2 and H 2 formation. Methane dissociation starts in warmer plasma zone, and the C-H bond breaks with simultaneous formation of H 3 ,CH 2 , CH, H, C 2 , and C; the recombination of these radicals leads to the formation of acetylene through reactions (18) and (19) . Figure 9 shows reaction (21) and its evolution concentration against temperature. The concentration level (% mol) is exposed in logarithmic scale to appreciate the ethane and ethylene concentration evolution which are much lower than that of acetylene, this previous being stable and remaining at a constant concentration up to 3500 K; beyond this temperature, acetylene is decayed into H 2 and C 2 . In warm plasma discharge, this average temperature is rarely attained, so the final byproducts obtained are H 2 ,C 2 H 2 , and CO.
The plasma dry reforming (DR) is not only described by Eq. (9); a complementary reaction succeeds and corresponds to a reaction occurring during CO 2 +CH 4 reforming for methane that has not yet been converted into syngas. In this way, methane to acetylene reforming (MAR) in Eq. (22) can be established: 
Conclusions
The aim of this work was focused in the GHG dissociation effectiveness by using a simple design of a warm plasma reactor applied for CH 4 +CO 2 reforming obtaining competitive results, because dry reforming process efficiency possess very low SE and a relatively high ECE.
The warm plasma reactor has a compact size, faster response and reaction times, and cheaper than conventional gasification process because it requires no external ignition and neither cooling mechanism. Working at atmospheric pressure eliminates the operational and maintenance costs of vacuum equipment.
Concerning discharge stability and its frequency effect, a simple model based in an integro-differential equation in which the gas properties are all highly nonlinear function of temperature and pressure and its solution was resolved on the basis of simplifying assumptions. Besides the syngas (CO + H 2 ) a substantial formation of acetylene (C 2 H 2 ) is also obtained; therefore by-products with high energetic value are obtained.
The principal drawbacks were overcome using a special HF converter to get stable discharge and V-I linear behavior.
The plasma systems here proposed can be justified since it converts CO 2 into harmless gases instead of storing CO 2 in geological locations; it also has good energy conversions, with good treatment capacity and without generation of unwanted species. If the dissociation products can be used to produce a usable final product, such as syngas or other fuel gas, the technology becomes economically appealing.
